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ABSTRACT
The rapid increase of P2O5 use for food, biofuels, and 
LiFePO4 batteries etc. accelerates the depletion rate of 
phosphate reserves. In the phosphate industry, a significant 
amount of ultrafine phosphate has been discarded as slime 
tailing due to processing difficulties. The major problems 
associated with ultrafine particle flotation are low prob-
ability of bubble-particle collision and adhesion, and high 
probability of unwanted gangue particles entrainment. This 
paper investigates the enhanced ultrafine phosphate parti-
cle flotation probability by Eriez’ CavTube generated fine/
ultrafine bubbles and the improved flotation selectivity by 
wash water etc. Ultrafine phosphates with various gangue 
minerals of quartz/muscovite, calcite/dolomite, and iron/
silica were studied. Microscopic observations show that the 
entrained ultrafine gangue minerals can be minimized by 
using wash water in column flotation. A three-factor three-
level central composite experimental design was conducted 
for ultrafine phosphate flotation. For comparison, both 
benchtop mechanical cell and laboratory column flotation 
tests were performed at their optimal respective flotation 
conditions. Using Eriez CavTube column flotation tech-
nology for Industries Chimiques du Senegal (ICS) ultra-
fine slime tailings, a concentrate grade of 36.0% P2O5, 
was achieved at 89.4% P2O5 recovery. Improved flotation 
performance was achieved using column flotation as com-
pared to benchtop mechanical cell flotation. The benefits of 
Eriez’ column flotation technology realized from this study 
include the high P2O5 grade and recovery.

INTRODUCTION
Phosphate is crucial for plants and animals, including 
humans. Isaac Asimov, an important science writer, defined 
phosphorus as “life’s bottleneck.” The rapid increase in 
P2O5 use is mainly caused by the growth in demand for 
food because, coupled with increased food crops for bio-
fuels and the great demand for LiFePO4 batteries, etc. In 
many phosphate mines, a significant amount of phosphate 
is routinely discarded as an ultrafine slime tailing stream 
due to technical and economic barriers using conventional 
flotation technology. Ultrafine particle flotation has been 
a long-standing problem, especially for non-sulfide ores 
flotation. The major issues associated with ultrafine par-
ticle flotation are the low probability of bubble-particle 
collision, the low probability of bubble-particle adhesion, 
and the high probability of unwanted gangue particles 
entrainment.

In the past twenty years, scholars have conducted 
extensive scientific work to improve fine/ultrafine particle 
flotation using fine and ultrafine bubbles generated by 
hydrodynamic cavitation [1–20]. Ultrafine bubbles can 
bridge hydrophobic particles to form aggregates [21–23] 
and increase the ultrafine particles flotation selectivity and 
flotation kinetics. Cavitation tube generated nanobubbles 
can not only promote the formation of flocs, but also 
increase the stability of flocs [24–28]. Improved flotation 
performance by cavitation tube generated fine bubbles has 
been verified in the flotation of various minerals such as 
quartz [29–33], sulfide [34–41], phosphate [42–46], coal 
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[8, 47–55], graphite [56–59], calcite [60], bitumen and oil 
[61–67], muscovite [68], kaolinite [69], wolframite [70], 
magnesite [71], PGM-bearing ore [72], niobium [73], ser-
pentine [74], ions [75], wastewater treatment [76–85], fly 
ash [86], and spent batteries [87], etc. Extensive fundamen-
tal research has been done to improve the understanding 
of cavitation generated nanobubble/microbubble [4–8, 47, 
88–108] on various applications.

Over 1,000 Eriez flotation columns with a variety 
of  sparging technologies  have been installed for floating 
quartz from iron ore, various kinds of sulfide minerals, gold, 
phosphate, coal, graphite, bauxite, calcite, bitumen, kaolin-
ite, PGM-bearing ore, niobium, potash, and oil/water, etc. 
Typically, flotation columns produce higher grade and have 
lower operating costs than conventional mechanical cells.

Figure  1 shows Eriez’ CavTube flotation column. 
Flotation column cells function as three phase settlers where 
particles move downwards in a hindered settling environ-
ment counter-current to a flux of rising air bubbles, which 
are generated by  spargers  located near the bottom of the 
cell. The sparger technology is an important design choice 
and allows the user to optimize the performance based on 
the feed characteristics, such as particle size distribution, 
liberation class and floatability, etc. Eriez can recommend 
and design the most appropriate equipment for the specific 
application.

The mechanism of particle/bubble collision in columns 
is different from intensive mixing devices such as mechani-
cally agitated cells. Under the low intensity mixing caused 
only by a rising bubble field, particle drifting from the fluid 
streamlines is caused by gravity and inertial forces and by 
interception. A column can support a deep froth bed and 
may use wash water to maintain a downward flow of water 
(positive bias) evenly across the cross-section of the ves-
sel. This eliminates the entrainment of hydrophilic particles 
in the float product when the vessel is used for solid/solid 
separation. This property, along with the absence of bypass 
of feed material to the float product from turbulence, 
means that column cells are normally superior to impeller 
type machines for the selective separation of ultrafine/fine 
particles (high grade).

This paper investigates the effects of flotation column 
wash water rate, feed solids content, and feed particle size 
distribution on the product P2O5 grade and P2O5 recov-
ery of an ultrafine phosphate flotation. A three-level three-
factor central composite experimental design was employed 
for investigating these three parameters for improving 
ultrafine phosphate flotation selectivity. For comparison, 
both benchtop Denver cell and laboratory column flotation 
tests were performed at their respective optimal flotation 

conditions. Various kinds of phosphate ores with the 
gangue minerals composed of quartz/muscovite, calcite/
dolomite, and iron/silica were studied using CavTube gen-
erated fine and ultrafine bubbles.

MATERIALS AND METHODS
Three(3) separate studies were carried out in this investi-
gation, including microscopic observations of ultrafine 
phosphate slime flotation froth with and without wash 
water, the three-factor three-level experimental design, 
and the column vs. mechanical cell comparison flotation. 
A Celestron 44348 LCD digital microscope was used for 
microscopic observation study. A S3500 MicroTrac particle 
size analyzer using laser diffraction was employed to mea-
sure the feed particle size distribution.

Table 1 shows the three-factor three-level central com-
posite experimental design conducted for ultrafine phos-
phate column flotation tests using the Design-Expert 
software acquired from Stat-Ease Inc., Minneapolis, MN. 
Three process parameters included froth wash water flow 
rate, feed slurry solids content, and feed particle size (P80).

Each numeric factor shown in Table 1 and Table 2 var-
ies over three levels: plus 1 and minus 1 (factorial points) 
and the center point. The levels of process variables were 
coded as “–1” “0” and “+1,” respectively, where “–” repre-
sents the low level, “0” represents the middle level and “+” 
represents the high level of the factors. The specific levels of 
individual variables are indicated in Table 1. The details of 
designed experiments are shown in Table 2.

Figure 1.  Illustration of Eriez CavTube flotation column
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A Denver, D12 laboratory flotation machine employed 
for benchtop flotation tests, while 3-inch (75 mm) diameter 
Eriez laboratory-scale flotation columns was used in batch-
continuous operation to investigate the column flotation 
response. During benchtop flotation tests, the pH level was 
adjusted to approximately 9.5 using a 10% NaOH solu-
tion in rougher direct flotation conditioning. The feed was 
conditioned at 50–65% solids for 2 minutes with sodium 
silicate, 1 minute with starch, and finally 2 minutes with 
collector.

Figure 2 schematically shows the Eriez laboratory scale 
flotation column. Eriez laboratory columns utilize an Eriez 
CavTube sparging system, which consists of an in-line sparg-
ing device that works in conjunction with a recycle pump. 
The pump withdraws pulp from the base of the column and 
distributes it through the sparger. Air is added to the pulp 
prior to the sparger and then injected back into the column 
flotation cell. The high shear and cavitation induced into 
the liquid flow as it passes through the CavTube creates a 
fine bubble dispersion for particle collection and is espe-
cially effective for treatment of fine material. The column 
cell test assembly is fully automated. During completion of 
each test, the froth level was maintained through the use 
of a PID loop controller, in conjunction with a pressure 
transducer and an electronic peristaltic underflow pump. 
Manual air and wash water flow meters were also present 
for control of those operating parameters. A polyglycol 
frother was injected into the column cell through the use of 
a peristaltic chemical metering pump.

The column feed was prepared by transferring a 
weighed amount of solid material into a 20-gallon agitated 
feed slurry tank, followed by the addition of tap water to 
attain the desired percent solids and adjustment of pH 
level to approximately 9.5 using a 10% NaOH solution. 
The feed slurry and sodium silicate depressant solution 
were continuously pumped into the sodium silicate condi-
tioning tank for 2 minutes of conditioning. After sodium 
silicate conditioning, the feed slurry was pumped to the 
starch conditioning tank for 1 minute of further condition-
ing. The depressant conditioned feed slurry and apatite 

collector were then pumped into the final collector con-
ditioning tank. Finally, the collector conditioned feed was 
pumped to a rougher column cell using a peristaltic pump. 
The conditioning time within each conditioning stage was 

Table 1.  Variables for three-factor three-level design

Factors and Values
A B C

Levels Washwater Feed P80 Feed Solids
(Liter/Minute) (Micron) (%)

Low -1 0 20 10
Middle 0 400 38 17.5

High 1 800 53 25

Table 2.  Three-factor three-level central composite design

 Test Factors and Levels
A B C

Std Run Washwater Feed P80 Feed Solids

13 1 0 0 0
3 2 -1 1 0
9 3 0 -1 -1

16 4 0 0 0
10 5 0 1 -1
15 6 0 0 0
8 7 1 0 1

17 8 0 0 0
4 9 1 1 0
7 10 -1 0 1

12 11 0 1 1
6 12 1 0 -1
1 13 -1 -1 0

14 14 0 0 0
5 15 -1 0 -1

11 16 0 -1 1
2 17 1 -1 0

Figure 2.  Schematic of Eriez lab flotation column



4

calculated by dividing the effective volume of the slurry in 
the conditioning tank by the volumetric flow rate.

During investigation of the column flotation responses 
of all feedstocks, the wash water rate, flotation feed solids 
content, and feed particle size (P80) were adjusted based 
on the experiment design shown in Table 1 and Table 2. 
Once steady-state conditions were obtained, timed samples 
of the feed, overflow and underflow were collected. The 
slurry samples were then filtered, dried, weighed, and split 
for assay by ARL™ PERFORM’X sequential X-Ray fluo-
rescence spectrometer. Measured mass yields and sample 
assays were used to perform a mass balance on each set of 
samples taken under a given set of test conditions. The mass 
balances were reconciled using a sum of squares minimiza-
tion algorithm on the error residuals.

RESULTS AND DISCUSSIONS
Ultrafine Particles and Bubble Attachment
One major problem for ultrafine phosphate flotation is the 
low flotation probability. This is because of

•	 the low probability of bubble-particle collision due 
to the limited inertia of ultrafine particles to pen-
etrate streamlines and collide with bubbles;

•	 the low probability of bubble-particle adhesion 
because of the short of particles’ sliding time on bub-
ble surface upon bubble-particle collision.

 Figure  3 displays the microscopic observations of 
ultrafine phosphate particles successfully attached to fine 
and ultrafine bubbles generated by Eriez’ CavTube sparger. 
It can be seen from this microscopic photo that coagulation 

and flocculation occurred in this ultrafine ore slurry after 
being treated by Eriez’ CavTube sparger, which significantly 
improved the ultrafine phosphate flotation probability. This 
flotation probability can be further increased by using gum 
or starch. A previous study [88] found that fine guar gum/
starch particles readily attached to fine bubbles as a result 
of generally negatively charged bubbles [5–6, 89–90] and 
positively charged cationic guar gum particles.

Ultrafine Gangue Minerals Entrainment
Figure  4 shows the ultrafine black and red iron oxides 
entrained during benchtop mechanical cell ultrafine phos-
phate direct flotation. Figure  5 presents the microscopic 
observations of ultrafine iron oxide particles entrained to 
froth phosphate product during benchtop mechanical cell 
flotation.

Hydraulic entrained gangue minerals are generally pro-
portional to feed water recovered in froth product, which 
can be reduced using deep froth or wash water. Figure 6 
shows that the froth zone becomes whiter and the inter-
face between the collection zone and froth zone becomes 
clearer as the flotation column wash water rate increases 
from 0 liter/minute to 400 liter/minute and 800 liter/min-
ute. The wash water used in flotation column provides the 
bias water and the water necessary to overflow the collected 
solids into the concentrate launder. The bias water replaces 
the water naturally draining from the froth, which tends 
to promote froth stability and can increase froth height. 
Therefore, the wash water can reduce entrained gangue 
minerals by decreasing feed water to froth product and 
increasing froth depth.

50 µm

Ultrafine particles attached to ultrafine/fine bubbles 

Figure 3.  Ultrafine phosphate particle flotation

Black iron oxides entrained Red iron oxides entrained

Figure 4.  Ultrafine black and red iron oxides entrained 
during benchtop mechanical cell flotation
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Figure 7 and Figure 8 display the microscopic obser-
vations of froth without wash water and with wash water. 
In Figure  7, entrained black and red iron oxides gangue 
minerals were reduced by using wash water; in Figure 8, 
the entrainment of silica gangue minerals was effectively 
reduced by wash water.

Three-Factor Three-Level Central Composite Design
Table  3. is offered to summarize the three-factor three-
level central composite design experiment flotation results. 
Response surface methodology was used to analyze the 
three-factor (wash water rate, feed slurry solids content, 
and feed particle size) three-level central composite ultra-
fine phosphate column flotation experiment data. Response 
surface, cubic graph and contours were generated for the 
floated concentrate P2O5 grade and the floated concentrate 
P2O5 recovery as a function of three process parameters 
included wash water flow rate, feed slurry solids content, 
and feed particle size (P80).

Figure 9 illustrates the effects of wash water flow rate 
and feed particle size (P80) on the floated concentrate P2O5 
grade. As shown in Figure 9, the middle level particle size 
(P80=38 microns) feed floated concentrate P2O5 grade 
significantly increases from approximately 16% P2O5 to 
around 24% P2O5 and 30% P2O5 as the wash water flow 

20 µm

Ultrafine iron oxides(red/black) particles entrained to phosphate product

Figure 5.  Microscopic observations of ultrafine iron oxide 
particles entrained to froth product during benchtop 
mechanical cell flotation

Wash water rate: 
0 Liter/Minute

Wash water rate: 
400 Liter/Minute

Wash water rate: 
800 Liter/Minute

Wash water tube Interface between collection zone and froth zone

Feed
Feed Feed

Figure 6.  Column froth with various wash water rate

50 µm

Ultrafine particles attached to ultrafine/fine bubbles 

With wash water

Without wash water

Figure 7.  Microscopic observations of froth without 
wash water and with wash water.  Entrained black 
and red iron oxides reduced by wash water
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rate increases from 0 liter/minute to 400 liter/minute and 
800 liter/minutes, respectively. The addition of wash water 
to flotation column froth zone can minimize the unwanted 
gangue mineral particles entrained. The floated concentrate 
P2O5 grade slightly increases when the flotation feed par-
ticle size (P80) increases from 20 microns to 38 microns and 
53 microns. This is because the entrained gangue minerals 
particles decrease as the increasing of flotation feed particle 
size (P80).

Figure 10 displays the effects of feed slurry solids con-
tent and wash water flow rate on the floated concentrate 
P2O5 grade. As shown in Figure 10, the wash water rate 
has a far more significant effect on the improvement of 
the floated concentrate P2O5 grade than the flotation feed 

Without wash water

With wash water

Flotation bubbles with particles attached

50 µm

Figure 8.  Microscopic observations of froth without wash 
water and with wash water.  Entrained silica reduced by wash 
water

Table 3.  Three-factor three-level central composite design 
flotation results

Feed Concentrate Tailings Mass P2O5

Run P2O5 P2O5 P2O5 Yield Recovery
(%) (%) (%) (%) (%)

1 9.8 28.80 1.2 31.16 91.57
2 10.8 19.28 1.4 52.57 93.85
3 8.8 22.20 1.5 35.27 88.97
4 9.8 28.90 1.2 31.05 91.56
5 10.8 26.80 1.4 37.01 91.83
6 9.8 29.20 1.2 30.71 91.52
7 9.8 30.10 1.86 28.12 86.36
8 9.8 29.10 1.2 30.82 91.53
9 10.8 31.60 1.5 30.90 90.40

10 9.8 15.70 1.74 57.74 92.50
11 10.8 25.30 2.04 37.66 88.22
12 9.8 30.70 1.3 28.91 90.57
13 8.8 15.10 0.9 55.63 95.46
14 9.8 29.00 1.2 30.94 91.54
15 9.8 16.80 1.3 54.84 94.01
16 8.8 20.50 1.56 38.23 89.05
17 8.8 28.90 1.02 27.91 91.64
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Figure 10.  Floated concentrate P2O5 grade vs wash water 
rate and feed slurry solids content
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Figure 9.  Concentrate P2O5 grade vs wash water rate and 
feed particle size P80
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solids content. The highest floated concentrate P2O5 grade 
was achieved at the middle level feed slurry solids con-
tent 17.5%, below or above which the floated concentrate 
P2O5 grade drops slightly. This is because the entrained 
gangue minerals were reduced when the feed slurry per-
cent solids decreased from high level 25% to middle level 
17.5%. However, the further decreasing of the feed slurry 
solids content from middle level 17.5% to low level 10% 
will increase the feed water recovered in froth product, 
which is generally proportional to hydraulic gangue min-
erals entrainment. Another possible reason, the amount 
of relatively coarse high P2O5 grade phosphate particles 
were more easily lost to nonfloated tailings at the low-level 
feed solids slurry, which decreased the floated concentrate 
P2O5 grade.

Figure  11 depicts the effects of wash water flow rate 
and feed slurry solids content on the floated concentrate 
P2O5 recovery. The results given in Figure 11 show that the 
highest floated concentrate P2O5 recovery was achieved at 
the middle-level feed percent solids 17.5% and the low-
level wash water rate. The flotation P2O5 recovery slightly 
decreases with the increasing of the flotation feed slurry 
solids content from middle-level 17.5% to high-level 25%, 
and the decreasing of the flotation feed slurry solids content 
from middle-level 17.5% to low-level 10%. The increase in 
wash water rate to minimize the unwanted gangue mineral 
particles entrainment can reject some unliberated phos-
phate/gangue middling particles and thus slightly decrease 
the flotation recovery. Therefore,  the  optimized process 
operation conditions are to control the balance between a 
high  recovery of the desired P2O5 and a high-grade P2O5 
value of the phosphate concentrate.

Figure 12 shows the effects of feed slurry solids con-
tent and flotation feed particle size (P80) on the floated 
concentrate P2O5 recovery. The floated concentrate P2O5 

recovery increases when the flotation feed particle size (P80) 
decreases from 53 microns to 38 microns and 20 microns. 
The floated concentrate P2O5 recovery drops more sharply 
for coarser flotation feed than finer feed when the flota-
tion feed percent solids increases from middle-level 17.5% 
to 25%.

Laboratory Column and Mechanical Cell Flotation
Following the completion of benchtop mechanical cell 
and laboratory column optimization testing, benchtop 
mechanical cell flotation under optimized conditions and 
column flotation were conducted on various ultrafine phos-
phate slime samples.

Figure 13 is offered to summarize the P2O5 grade and 
recovery relationships for the optimal bench-top mechani-
cal cell and column flotation results realized from treat-
ment of a 38x0 micron ultrafine phosphate slime. The 
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Figure 11.  Floated concentrate P2O5 recovery vs wash water 
rate and feed slurry solids content
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gangue minerals of this ultrafine phosphate slime sample 
were mainly composed of quartz and muscovite. As dem-
onstrated by the grade-recovery relationships in Figure 13, 
significantly improved flotation performance was achieved 
used column rougher and rougher-cleaner flotation versus 
mechanical cell rougher and 5-stage cleaner flotation. As 
a result of the use of cavitation-tube sparger, wash water 
and a deep froth phase, high recoveries were maintained at 
much improved product grades.

Figure 14 displays the phosphate concentrate gangue 
[Al2O3+Fe2O3] content and P2O5 recovery relation-
ships for the optimal bench-top and column flotation 
tests performed on the Industries Chimiques du Senegal 
(ICS) ultrafine slime tailings, a concentrate grade of 2.3% 
[Al2O3+Fe2O3] and 36.0% P2O5 was achieved at 89.4% 
P2O5 recovery. As illustrated by the grade-recovery rela-
tionships in Figure 14, an obviously higher flotation P2O5 
recovery and lower [Al2O3+Fe2O3] content was achieved 
using column flotation than benchtop mechanical flota-
tion. High amounts of [Al2O3+Fe2O3] in the phosphate 
concentrate product will decrease the next stage wet process 
plant capacity and phosphoric acid recovery. Generally, less 
than 2–3% of [Al2O3+Fe2O3] is desired.

Both Figure 13 and Figure 14 demonstrate that cavi-
tation-tube flotation columns are superior to conventional 
mechanical cells. In addition to lower ultrafine gangue 
particle entrainment, the ultrafine bubble selectively floc-
culated ultrafine/fine phosphate particles encountered less 
turbulence in the collection zone near the column flotation 
feed point than in mechanical cell flotation, preventing the 
break-up of formed phosphate particle flocs. Cavitation 
tube generated fine and ultrafine bubbles can assist fine 

hydrophobic particles to form flocs and thus improve fine/
ultrafine particle flotation kinetics and selectivity.

SUMMARY AND CONCLUSIONS
Microscopic observations of ultrafine phosphate slime flo-
tation froth with and without wash water demonstrate that 
the entrained ultrafine gangue minerals such as iron oxide, 
quartz, and muscovite particles can be minimized by using 
wash water in column flotation.

In the three-factor (wash water rate, feed slurry solids 
content, and feed particle size) three-level central com-
posite design experiment flotation tests, the best flotation 
results were achieved at the middle-level feed solids content 
(17.5%) and middle to high level wash water rate (400–
800 liter/minute).

Improved flotation performance was achieved for both 
various ultrafine phosphate slime samples using column 
flotation as compared to benchtop mechanical flotation. 
The enhanced flotation performance was because of the 
use of cavitation-tube sparger, wash water and a deep froth 
phase in column flotation.
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ABSTRACT
Underground mine roof bolting is a crucial operation for 
miners’ safety and mine sustainability. Since roof bolting is 
a manual or human-supervised operation, miners’ safety is 
at risk due to dust or rock falls. Traditional machine learn-
ing algorithms have shown limitations to detecting drillable 
areas, mainly due to harsh lighting conditions. The authors 
propose an adaptive deep-learning framework for autono-
mous roof bolting. The proposed framework is based on 
implementing a binary semantic segmentation algorithm 
on color images to classify pixels that belong to rock from 
those that belong to non-rock. Significantly, the proposed 
framework implements deep learning semantic segmenta-
tion on images from traditional and neuromorphic vision 
sensors in underground mines. The performance of the 
proposed model shows an impressive accuracy level of at 
least 98% at a low number of training epochs with smooth 
learning curves. The high accuracy enables the implementa-
tion of autonomous roof bolting, greatly improving min-
ers’ safety and operational efficiency while reducing human 
exposure to safety hazards. This research will advance the 
use of deep learning in mining automation and has the 
potential to revolutionize the traditional mining industry.

INTRODUCTION
The Mining sector plays a pivotal role in the develop-
ment of the world economy [1], [2]. Underground min-
ing is growing due to the rising demand for minerals for 
industries such as the automotive industry and clean energy 
technologies [3]. Due to the rapid demand for minerals, 
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the mining industry is moving toward deep underground 
mining [4]. Nonetheless, underground mining presents sig-
nificant challenges across various dimensions [5]. Human 
safety is one of the main challenges in underground mining 
[6], mines sustainability [7], and working conditions [8] 
also contribute to other challenges in underground mining 
environments. According to a report issued by the United 
States Mine Safety and Health Administration (MSHA), 
the total number of fatal injuries till the third quarter of 
2023 is higher than that for the previous year [9].

One of the hazards in the underground mining industry 
that causes fantails and serious injuries is falls on the roofs 
and the ribs of the underground mines. [10]. According to 
MSHA, 26 fatal injuries have been reported as of August 
5th, 2023 [11]. Roof fall hazards are addressed by roof 
bolting [12] which has been recognized by the Coal Mine 
Health and Safety Act of 1969 as the exclusive method of 
providing support for underground entry [13]. Roof bolt-
ing is a fundamental technique for ensuring the safety and 
stability of underground mine environments, particularly 
in areas where roof conditions are unstable or prone to 
collapses [14]. Roof bolting is still an active research area 
where there are many aspects that need to be addressed 
including safety during roof bolting and increasing the effi-
ciency of the roof bolting process. Roof bolting processes 
mainly include perforating the unsupported roof, followed 
by the insertion of a roof bolt and epoxy resin to fasten the 
overlying roof strata [15]. For rock support, straps are used 
[16]. Therefore, an additional step is added which is drilling 
through holes in the straps.

Although roof bolting improves the safety of mine 
personnel and the sustainability of mines, the roof bolting 
process is risky on roof blotters. There are safety hazards 


